Introduction
============

Endometrial cancer is the most common gynecological malignancy worldwide and represents the eighth leading cause of cancer related death in women. Type 1 endometrial carcinoma are characterized by positive nuclear estrogen receptor (ER) expression and responsiveness to hormone stimulation. Increasing evidence indicates that prolonged estrogen exposure is associated with initiation of type 1 endometrioid cancers. Estrogen exposure results in an overall physiological response within several hours by a genomic mechanism which depends on estrogen binding to nuclear ER resulting in mRNA transcription and protein synthesis of target genes. Increasing evidence demonstrate that estrogen plays an essential role in type 1 endometrial occurrence, it was found that Protein Kinase C alpha [@B1], Malate dehydrogenase 2 (MDH2) [@B2], and Ca(2+) channel subunit alpha 1D [@B3], et al involve in endometrial cancer uncontrol proliferation. Consistent with others\' study, we have stated that estrogen up-regulates FTO expression via activation of the PI3K/AKT and MPAK signal pathways, then further enhances endometrial cancer cell proliferation [@B4]. Moreover, it was found that notch signal pathway also contributes to estrogen-driven endometrial cancer cellular growth [@B5]. Although the great progress has been made in understanding how estrogen induces type 1 endometrial cancer, the detailed mechanism has not been revealed.

Aberrant prohibitin expression has been found in various cancer types and associates with tumorigenesis, such as breast, ovarian cancer, and gallbladder cancer [@B6]-[@B11]. Prohibitin has multiple roles in regulating cell biofunctions, including proliferation, mitochondrial respiration activity and aging [@B12]. Previously, it commonly believes that prohibitin plays an important role to suppress cancer development via inhibiting DNA synthesis [@B13]. Inversely, a mass of studies verify that prohibitin serve as an oncogene. Overexpression of prohibitin associates with poor prognosis in gallbladder cancer and breast cancer, moreover, it also promotes cancer proliferation and invasion. However, rare information can be available about the role of prohibitin in endometrial cancer development, especially in entrogen-driven proliferation. He B et. al has demonstrated that prohibitin is an estrogen-regulated gene *in vitro* and *vivo*, and its expression is induced by estrogen in the uterus [@B14]. Similar result has been observed in white adipose tissue and liver, and the estrogen-elevated prohibitin may mediated by estrogen receptor [@B15]. These results suggest that prohibtin involves in estrogen signaling.

Prohibitin ubiquitination has been found in mammalian sperm mitochondria, this posttranslational modification may regulate mitochondrial inheritance and sperm quality control [@B16]. More recent study found that estrogen could enhance estrogen receptor alpha ubiquitination and regulate breast cancer cell proliferation [@B17]. While, Minji Choi et. al pointed out that estrogen receptor mediates estrogen-induced prohitin expression. Therefore, if elevated prohibitin expression by estrogen associates deubiquitination signal pathway is not clear. Thus, the aim of this study is to investigate the expression pattern of prohibitin in endometrial cancer and explore how estrogen regulates endometrial cancer cell proliferation via estrogen signal pathway and whether involves in ubiquitination process.

Materials and Methods
=====================

Cell lines and cell culture
---------------------------

Endometrial cancer Ishikawa cell line was kept in our lab. It is an estrogen-responsive cell line derived from a well-differentiated endometrioid carcinoma. The cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) F-12 1:1 medium (GIBCO) with 10% fetal bovine serum (FBS; Gibco, Gaithersburg, MD, USA), 100 U/ml penicillin, sodium pyruvate and L-glutamine in a humidified atmosphere of 5% CO2 at 37°C.

Plasmids, siRNA and transfection
--------------------------------

The pcDNA-ERɑ plasmid was kindly provided by Dr. Xiaoyue Chen (Department of Obstetrics and Gynecology, Shanghai First Maternity and Infant Hospital, Tongji University School of Medicine). siPHB was purchased from Shanghai GenePharma Co., Ltd. The pcDNA-ERɑ plasmid was transfected in to ishikawa cells in the presence of Lipofectamine™ 3000 transfection reagent (Invitrogen, Carlsbad, CA, USA). Whereas prohibitin small interfering RNA was transfected in to ishikawa cells with hiperfect reagent. The siControl siRNA served as a transfection control. The overexpressing effect of pcDNA-ERɑ or knockdown efficiency of the siRNA were examined by immnuoblotting.

Endometrial cancer specimens and IHC assay
------------------------------------------

68 cases were enrolled in this study, which comprised 32 benign endometrial tissues and 36 cases of endometrial carcinoma. All the specimens were obtained from the Department of Obstetrics and Gynecology of the Shanghai General Hospital affiliated to Shanghai Jiao Tong University. None of patients in the study had a history of prior radiotherapy or chemotherapy. The use of these specimens was approved by the Ethics Committee of the Medical College, Shanghai Jiao Tong University, China. Pathological diagnoses of endometrial samples were made by two specialized gynecological pathologists based on the World Health Organization (WHO) classification for endometrial cancer in a double-blinded manner. IHC staining was performed as previous described. The sections were incubated with primary antibody against prohibitin (diluted to 1:100; Sigma, St. Louis, MO, USA ). The IHC scores were evaluated as previous described [@B4].

Quantitative real time PCR
--------------------------

Total RNA were extracted and reverse transcribed as previously described [@B4]. Primers for prohibitin and GAPDH genes were synthesized by Invitrogen Bioengineering Corporation (Shanghai, China) (Table [1](#T1){ref-type="table"}). The reactions of real time PCR were set up with 10 μl SYBR Green PCR Master Mix (Takara, Shuzo, Kyoto, Japan), 1.0μl 10μM primer mixture, and 2μl cDNA template. The PCR conditions were 95ºC for 5 min, followed by 35 cycles of 94ºC for 1 min, 61ºC for 30 s and 72ºC for 45 s. GAPDH serves as a control to normalize the expression of prohibitin gene. Each real time PCR experiment was repeated three times and a mean value was use for the determination of mRNA levels. The template replaced with water used as a negative control.

SRB cell proliferation assay
----------------------------

Ishikawa cells were seeded into 96-well plates at a concentration of 10X10^4^ /ml. After overnight starvation in Opti-MEM medium, various treatments have been performed, and the cells were incubated another 48 hrs. The plates were then routinely processed with SRB staining as previously described [@B18], [@B19].

Western blot analysis
---------------------

Western blotting was performed as previously reported [@B4], [@B19]. Briefly, ishikawa cells with indicated treatments were harvested and lysised with RAPA buffer, after determination of the protein concentration, proteins (50μg) was loaded and separated by SDS-PAGE. After transferring to PVDF membranes, proteins were detected using specific antibodies. Each experiment was repeated at least three times.

*In vitro* ubiquitination analysis
----------------------------------

Ishikawa cells were treated with DMSO or estrogen, respectively. The cells were harvested, lysed and boiled in a buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl, and 1mM DTT. The lysates incubated with beads and probihitin antibody overnight at 4ºC. Immunoprecipitated proteins were analyzed by Western blotting using an anti-Ub antibody.

Statistical analysis
--------------------

Comparisons among multiple groups were made with one-way analysis of variance (ANOVA) followed by Dunnet t-test. Statistical significance between the treated and untreated groups was analyzed by Student\'s t test, and the statistical significance was set at P \< 0.05.

Results
=======

Prohibitin overexpresses in endometrial cancer and associates with poor prognosis
---------------------------------------------------------------------------------

As shown in Figure [1](#F1){ref-type="fig"} A&B, higher expression of prohibitin was observed in endometrial carcinoma tissue than that in benign endometrial tissue. The percentage of positive staining in endometrial tissues and the immunohistochemistry scores for prohibitin staining are summarized in Figure [1](#F1){ref-type="fig"}B and Table [2](#T2){ref-type="table"}. The high expression of prohibitin was positively related to serum CA125 levels (Figure [1](#F1){ref-type="fig"}E). Moreover, high levels of prohibitin correlated with poor prognosis and early relapse (Figure [1](#F1){ref-type="fig"}C & D).

Estrogen upregulates prohibitin expression and promotes endometrial cancer cell proliferation
---------------------------------------------------------------------------------------------

To explore the effect of estrogen on prohibitin expression, western blot was performed. It was found that prohibitin protein expression elevated with the increasing dose of estrogen, the max peak of prohibitin expression was observed when it was exposed to 10nM estrogen (Figure [2](#F2){ref-type="fig"}A & C). Moreover, prohibitin expression pattern also showed a time-depend manner (Figure [2](#F2){ref-type="fig"}B&D). After 1nM estrogen treatment for 48 hrs, it showed the optimum stimulating effect on prohibitin expression, approximate 3 folds increasing of protein level was obtained. Meanwhile, we found that estrogen promoted endometrial cancer cell proliferation with a dose manner (Figure [2](#F2){ref-type="fig"}E). However, knockdown prohibitin not only suppressed endometrial cancer cellular growth, but also attenuated estrogen-induced proliferation (Figure [2](#F2){ref-type="fig"}F). These data implies that prohibitin plays an important role in estrogen-driven endometrial cancer cell proliferation.

Estrogen mediates ubiquitination of prohibitin
----------------------------------------------

To further determine how estrogen regulates prohibitin expression, the total RNA was extracted after DMSO or 1nM estrogen treatment for 16 hrs and real time PCR was performed. No significant difference in mRNA level was observed between above treatments (Figure [3](#F3){ref-type="fig"}A). However, 1nM estrogen potently elevated prohibitin protein level compared with DMSO-treated group (Figure [3](#F3){ref-type="fig"}B). Prior to harvest the cells, CHX was used to treat the cells for indicated time. As showed in figure [3](#F3){ref-type="fig"}C, estrogen treatment could enhance the prohibitin protein stability. Further study found that estrogen treatment reduced the ubiquitination of prohibitin (Figure [3](#F3){ref-type="fig"}D).

Estrogen receptor alpha enhances prohibitin expression
------------------------------------------------------

Commonly, estrogen receptor alpha plays an important role in estrogen-driven bio-activity. Therefore, the effect of estrogen receptor alpha on prohibitin expression was determined by western blot. It was found that transfection of pcDNA-ERα sharply upregulated prohibitin expression. Which suggests that estrogen receptor alpha enhances prohibitin expression.

Estrogen receptor alpha is necessary for estrogen enhancing endometrial cancer proliferation via prohibitin
-----------------------------------------------------------------------------------------------------------

To investigate the role of ERα in estrogen-induced prohibitin expression, ICI, the ERα inhibitor, was used to block ERα signaling before estrogen treatment. The inhibitor of ERα has no effect on prohibitin expression, but it could attenuate estrogen-elevated prohibitin protein level (Figure [5](#F5){ref-type="fig"}A&B). Conversely, we overexpressed ERα in endometrial cancer cells before estrogen treatment. It was found that increasing ERα could enhance prohibitin expression, moreover, transfection of ERα plasmid plus estrogen treatment resulted in the most higher level of prohibitin protein (Figure [5](#F5){ref-type="fig"}C&D). Further study found that the expression profile of prohibitin parallized with the proliferative activity of endometrial cancer (Figure [5](#F5){ref-type="fig"}E). Estrogen treatment plus ERα transfection showed the most higher of cellular growth activity. These data suggest that ERα is necessary for estrogen-driven endometrial cancer cell proliferation via prohibitin.

Discussion
==========

Type 1 endometrial cancer has clear precancerous stages, from disordered proliferative endometrium, hyperplasia, atypical hyperplasia, and progresses onward to endometrial cancer development and progression. Abundant studies revealed that estrogen plays an essential role in type 1 endometrial cancer cell proliferation as a high risk factor [@B20]-[@B22]. Numerous candidate molecules and signal pathways have been stated involvement in estrogen-driven endometrial oncogenesis [@B23]-[@B27]. To extend our understanding of endometrial cancer development, the estrogen signaling has been further studied.

The estrogen induced prohibitin expression is required for mouse uterine development and adult function [@B14]. It was demonstrated that selective ablation of the prohibitin allele in female mice resulted in severe uterus hypoplasty and sterile. This implies that estrogen signaling is pivotal for maintenance of normal female reproductive function. However, what will happen if the women underwent long-term unopposed estrogen exposure. We explored this question in the present study, estrogen treatment leaded to increase expression of prohibitin with dose- and time-dependent manners in endometrial cancer cells. Moreover, estrogen facilitated endometrial cancer cell proliferation with a dose manner. Nevertheless, this enhanced effect was blocked by knockdown of prohibitin gene. Our results agree with above study [@B14] that estrogen signaling and its functions are mediated by prohibitin. That is to say prohibtin is also a candidate gene of estrogen signaling. Therefore, we further detected its expression profile in endometrial cancer clinical samples to identify the association between prohibitin and cancer occurrence. Overexpression of prohibitin was observed in endometrial carcinoma tissues compared with benign endometrial tissue, the endometrial cancer patients with high level of prohibitin showed lower survival rate. This suggests that prohibitin serves as a high risk factor for endometrial cancer development and a poor prognosis factor. Similar results also have been observed in gallbladder cancer and esophageal squamous cell carcinoma [@B9], [@B28]. Interesting is that a positive association between prohibitin staining and CA125 serum level, a biomarker for diagnosis ovarian cancer and endometrial cancer, has been observed, which suggests that prohibitin plays an essential role in endometrial cancer development.

Estrogen receptors are important transcription factor to relay signals from estrogen and to regulate proliferation of some of hormone-related cancers. It is a key component of estrogen signal pathway. Previous study documented that prohibitin involves in estrogen receptor regulation via reprogramming of the SWI/SNF complex [@B29]. Conversely, it was found in current study that overexpression of estrogen receptor alpha significantly elevated prohibitin level, suggesting that prohibitin is regulated by estrogen receptor. ICI 182780 (ICI), a specific inhibitor for estrogen receptor, was used to block the estrogen receptor signaling. It was found that estrogen-induced prohibitin was attenuated by ICI treatment, estrogen stimulation could not rescue ICI induced inhibition effect. On the contrary, overexpression of estrogen receptor alpha enhanced estrogen-induced prohibitin expression. Above results suggest that estrogen receptor is required for transmitting estrogen stimulation signaling. Meanwhile, transfection of estrogen receptor alpha plasmid enhanced estrogen-induced endometrial cancer proliferative activity. The cellular growth effect is parallel with the expression profile of prohibitin after overexpression of estrogen receptor alpha plus estrogen treatment, which suggests that the estrogen/estrogen receptor signal pathway and its function were mediated by prohibitin.

In previous study, the ubiquitination of estrogen receptor has been well documented [@B30]-[@B33]. Rare study addressed its downstream proteins\' stability. We found that estrogen could slightly upregulate prohibitin mRNA level and potently enhance protein level, whereas estrogen stimulation could postpone prohibitin protein degradation after CHX treatment. Further study demonstrated that estrogen treatment reduced the ubiquitination of prohibitin. These results imply that estrogen could stabilize the prohibitin protein by attenuating its degradation via ubiquitination signal pathway.

In summary, our findings revealed that estrogen promotes endometrial cancer cell proliferation by upregulation of prohibitin expression. Aberrant expression of prohibitin associates with poor endometrial cancer prognosis, which contributes to estrogen-driven endometrial cancer development. Our findings highlighted the importance of prohibitin in estrogen-driven endometrial cancer proliferation and suggest it as a potential prognostic marker and therapeutic target to improve the clinical management of endometrial cancer.

This study was funded by the National Natural Science Foundation of China \[grant numbers 81302255\].

Authors\' contributions
=======================

BY and RYC performed the experiments and wrote the manuscript; XYL, JYS, XMW contributed to the data analysis; ZBZ and XC revised the manuscript, and all authors have read and approved the final version of the manuscript.

![Prohibitin overexpresses in endometrial cancer and associates with poor prognosis. The expression of prohibitin in benign and endometrial cancer tissues was assessed using IHC staining. **(A)** Representative images were captured at 200× magnification. **(B)** Prohibitin IHC scores in endometrial lesion tissues are presented. **(C, D)** The overall survival and disease-free survival curves of endometrial cancer patients with different levels of prohibitin expression in 24 tissue samples of endometrial cancer. **(E)** Prohibitin expression correlated with serum CA125 level. \*, p\<0.05.](jcav10p1616g001){#F1}

![Estrogen upregulates prohibitin expression and promotes endometrial cancer cell proliferation. **(A, C)** Estrogen upregulates prohibitin expression with a dose-dependent manner. **(B, D)** Estrogen upregulates prohibitin expression with a time cause. **(E)** Estrogen enhances endometrial cancer cell proliferation. **(F)** knockdown prohibitin attenuates estrogen-enhanced endometrial cancer cell proliferation. \*, p\<0.05 compared with the control group. a, represents a significant difference compared with siCon; b, compared with siCon plus estrogen treatment.](jcav10p1616g002){#F2}

![Estrogen mediates ubiquitination of prohibitin. **(A)** Estrogen (1nM) slightly increases prohibitin mRNA level, which is determined by real time PCR, while the protein level is elevated by estrogen stimulation **(B)**. **(C)** Estrogen enhances the stability of prohibitin protein. Ishikawa cells were treated with 100ng/ml of cycloheximide (CHX) for the indicated times before 1nM estrogen treatment for 48 hrs. Prohitin protein levels were determined by western blot assay. **(D)** Estrogen treatment reduces the ubiquitination of prohibitin protein.](jcav10p1616g003){#F3}

![Estrogen receptor alpha enhances prohibitin expression. Western blot assay determines the expression of prohibitin after transfection of pcDNA-ERɑ plasmid (1μg).](jcav10p1616g004){#F4}

![Estrogen receptor alpha is necessary for estrogen enhancing endometrial cancer proliferation via prohibitin. The effect of ICI on estrogen-induced prohibitin expression is determined by western blot **(A)** and the statistical analysis of changes of prohibitin protein **(B)**. \*P\<0.05, compared with control. Transfection pcDNA-ERɑ plasmid (1μg) enhances estrogen-induced prohibitin expression **(C)** and the statistical analysis of changes of prohibitin protein **(D)**. \*P\<0.05, compared with control. **(E)** Transfection of pcDNA-ERɑ plasmid (1μg) enhances estrogen-induced endometrial cancer proliferative activity. \*P\<0.05, compared with control.](jcav10p1616g005){#F5}

###### 

Sequences of primers used for amplification of target genes

  Gene    primer nucleotide sequence
  ------- -------------------------------------------
  PHB     Forward: 5\'-GTGCGCGAATCTGTGTTCAC -3\'
          Reverse: 5\'-GATAATGGGGTACTGGAACCAAG -3\'
  GAPDH   Forward: 5\'- AACGGATTTGGTCGTATTG-3\'
          Reverse: 5\'- GGAAGATGGTGATGGGATT -3\'

###### 

The expression of prohibitin in distinct tissue types

  Tissue type   Total   Positive   Negative   \%     *P*-value
  ------------- ------- ---------- ---------- ------ -----------
  Benign        32      11         21         34.4   0.005
  Carcinomas    36      27         9          75     
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